The objective of this study was to evaluate the ecological association between indoor radon concentration and acute leukaemia incidence among children under 15 years of age in the 348 geographical units (zones d'emploi, ZE) of France between 1990 and 1998. During that period, 4015 cases were registered by the French National Registry of Childhood Leukaemia and Lymphoma. Exposure assessment was based on a campaign of 13 240 measurements covering the whole country. The arithmetic mean radon concentration was 85 Bq/m 3 (range, 15-387 Bq/m 3 ) and the geometric mean, 59 Bq/m 3 (range: 13-228 Bq/m 3 ). A positive ecological association, on the borderline of statistical significance (P = 0.053), was observed between indoor radon concentration and childhood leukaemia incidence. The association was highly significant for acute myeloid leukaemia (AML) (P = 0.004) but not for acute lymphocytic leukaemia (ALL) (P = 0.49). The standardized incidence ratio (SIR) increased by 7, 3 and 24% for all acute leukaemia, ALL and AML, respectively, when radon concentration increased by 100 Bq/m 3 . In conclusion, the present ecological study supports the hypothesis of a moderate association between indoor radon concentration and childhood acute myeloid leukaemia. It is consistent with most previous ecological studies. Since the association is moderate, this result does not appear inconsistent with the five published case-control studies, most of which found no significant association.
Introduction
The association between ionizing radiation and leukaemia in humans has been clearly established for high-dose medical exposure (UNSCEAR, 1994) , intrauterine exposure (Doll and Wakeford, 1997) and among survivors of the atomic bombs of Hiroshima and Nagasaki (Preston et al., 1994) . In contrast, the risk associated with natural radiation exposure still needs to be documented. Natural irradiation accounts for 58% of the French population's exposure to ionizing radiation (3 mSv on average: 34% due to radon, 11% due to telluric gamma rays, 7% due to cosmic gamma rays and 6% due to ingestion of water and food) (Sugier and Hubert, 2002) . Radon is the second greatest source of exposure to ionizing radiation, the greatest source being medical exposure. Most of the dose of radon and its decay products is delivered to the airways, mainly in the lungs. However, a fraction of the dose may be delivered to other organs, especially bone marrow. Depending on age and dosimetric model, the dose delivered to the bone marrow is estimated to range from 0.01 to 0.16 mSv per year for an average indoor radon concentration of 20 Bq/m 3 (Khursheed, 1996; Rommens et al., 2001) . These estimated doses are roughly 100 times lower than those estimated for the lungs at the same level of radon exposure. Nevertheless, it cannot be ruled out that a low dose of radiation increases the risk of leukaemia in humans.
Since the end of the 1980s, ecological or case-control studies have investigated the association between childhood leukaemia incidence and indoor radon concentration (Laurier et al., 2001) . The studies addressed all forms of leukaemia, or acute lymphocytic leukaemia (ALL), or acute myeloid leukaemia (AML). Some ecological studies (Table 1) have evidenced positive associations between indoor radon concentration and all leukaemia (Henshaw et al., 1990; Muirhead et al., 1991 Muirhead et al., , 1992 Richardson et al., 1995) . The largest study pooled the data from 13 countries and detected a significant positive linear correlation of 0.61 (P < 0.02) between indoor radon concentration and leukaemia incidence (Henshaw et al., 1990) . Lucie (1990) and Alexander et al. (1990) suggested a significant positive ecological association between childhood ALL incidence and indoor radon concentration in Great Britain. In contrast, Thorne et al. (1996a and b) did not observe Henshaw et al. (1990) and the Netherlands any significant positive association between childhood ALL incidence and indoor radon concentration in Great Britain, but suggested excess childhood AML for radon concentrations higher than 100 Bq/m 3 (relative risk = 2.47, P = 0.02). It should be noted that six of the ecological studies are not independent of one another because there are many overlaps in geographic area and time period (Lucie, 1990; Alexander et al., 1990; Muirhead et al., 1992; Foreman et al., 1994; Richardson et al., 1995; Thorne et al., 1996a and b) . The case-control studies with individual measurements yielded discordant results ( Table 2) . Most of those studies did not show any significant association between indoor radon concentration and all childhood leukaemia, or ALL, or AML incidence Kaletsch et al., 1999; Steinbuch et al., 1999; UK Childhood Cancer Study, 2002) . Maged et al. (2000) were alone in reporting that the ALL cases in Cairo were exposed to a significantly higher (P < 0.001) average radon concentration than the controls. It should be noted, however, that this study only included 50 cases and 110 controls.
Other authors have studied the ecological association between radon and childhood leukaemia, but studied mortality rates (Gilman and Knox, 1998) , and/or used other exposure metrics such as groundwater radon concentration (Collman et al., 1991) , distance from an uranium processing plant (Hoffman et al., 1993) and ground radon levels (Kohli et al., 2000) . With the exception of Gilman and Knox, they all suggested a significant positive association between radon and leukaemia. The present study intentionally focuses on the incidence of childhood leukaemia instead of mortality because of the gap between leukaemia incidence and leukaemia mortality. Leukaemia mortality has markedly decreased over the last 10 years, thanks to improved therapies.
The United Nations Scientific Committee on the Effects of Atomic Radiation recently presented a review of the international data on indoor radon concentrations (UN-SCEAR, 2000). Among the countries where an association between indoor radon concentration and childhood leukaemia incidence has been observed, indoor radon concentration generally shows marked variation. In Canada, Great Britain and the USA, indoor radon concentrations were moderate (geometric mean: 14, 15 and 25 Bq/m 3 , respectively). In the former West Germany, France and Sweden, radon levels were relatively high (geometric mean: 40, 41 and 56 Bq/m 3 , respectively). However, the geometric standard deviation of the radon measurements varied less between countries (from 2 to 3.6 Bq/m 3 ) UNSCEAR, 2000) . In each country, there were marked variations in concentration. For example, in Great Britain, even though the average radon level is relatively low, the counties of Devon and Cornwall have particularly high indoor radon concentrations (arithmetic mean: 68 and 170 Bq/m 3 , respectively). In 12% of the dwellings in those counties, radon concentrations were higher than 200 Bq/m 3 (Thorne et al., 1996a) . The international study by Henshaw et al. (1990) pooled the data from 13 countries. The level in the country with the highest mean radon concentration, was ten-fold higher than in the country with the lowest mean concentration. Viel (1993) investigated the ecological association between adult leukaemia mortality between 1984 and 1986 and indoor radon concentration in 41 French administrative areas ('départements') and he found a significant positive association between AML mortality and indoor radon concentration. The present paper is the first investigation for an ecological association between childhood leukaemia incidence and indoor radon concentration in France, where average exposure is known to be relatively high and to exhibit marked between-region variations.
Subjects and methods

Cases
The study included all cases (4015) of acute leukaemia diagnosed between 1 January 1990 and 31 December 1998 in children < 15 years old and living in mainland France at the time of diagnosis. The cases were provided by the French National Registry of Childhood Leukaemia and Lymphoma, which has registered all cases of childhood leukaemia since 1 January 1990 (Clavel et al., 2004) . The distribution of childhood acute leukaemia cases by age-group (0-4 years, 5-9 years and 10-14 years), gender, period and type of acute leukaemia is given in Table 3 . The 'all acute leukaemia' category was divided into three types: ALL, AML and not-specified acute leukaemia. The analyses were only undertaken for ALL, AML and all acute leukaemia. Among all acute leukaemia cases, there were more boys (57%) than girls (43%), especially because of ALL. Eighty-one percent of all acute leukaemia cases were ALL and 17% were AML.
Demographic data
Age-and gender-specific population counts by 'commune' (the smallest French administrative division), were Benhamou and Laplanche (1991) and by Pottier (1992) . Each of the individual age cohorts was followed up to 1999, from the 1990 census or from birth, by ageing 1 year at a time and subtracting the number of deaths which occurred in the given age cohort during that year. In order to construct the final age-and gender-specific population estimates, the difference between 1999 population estimates and the actual 1999 census population was then distributed between 1990 and 1999, assuming a log-linear model. The population at risk for a given year and a given ZE were subsequently calculated using these estimates. National age-and gender-specific incidence rates for childhood leukaemia in France (1990 France ( -1998 , based on the National Registry data, were used as reference rates to derive annual expected numbers of cases for each age group and ZE under study.
Geographical units
Mainland France is divided into 22 'régions', 95 'départements' (Corsica is considered as a single 'département') and 348 'zones d'emploi' (ZEs). Most of the statistical analyses were carried out using ZE as the geographical unit. ZEs are geographical areas defined in terms of employment criteria: most inhabitants of a ZE find work in the same ZE and most ZE firms recruit their employees in the ZE. Migrations, main economic activity, and average distance to facilities are also taken into account in the definition. ZE population varied from 9300 to 2 126 000. The statistical distribution of ZE population is highly dissymmetrical with a first quartile of 60 000, a median of 95 000 and a third quartile of 177 000.
Exposure assessment
A French national radon measurement campaign was carried out by the IRSN (Institute for Radioprotection and Nuclear Safety), in collaboration with the Ministry of Health. The main objectives were to identify radon-prone areas in France, to estimate the percentage of private dwellings above action levels and to investigate factors affecting radon concentrations (Pirard et al., 1998; Gambard et al., 2000) . Beginning in 1982, indoor radon activity per m 3 was determined in the main room, over 2 months, using a Kodalpha LR115 passive track-etch detector. The technique used was based on nuclear track detectors, in particular the LR115 cellulose nitrate film produced by Kodak-Dosirad (Lognes, France). Only one measurement per household was performed, except if the result of the first measurement was below 5 Bq/m 3 or over 400 Bq/m 3 . In that case, a second measurement was made to confirm that low or high values existed in the room. A questionnaire designed to identify housing and lifestyle characteristics that may have influenced radon concentration was associated with each measurement. The data used in this study are those published elsewhere (Pirard et al., 1998; Gambard et al., 2000) , together with some recent data collected until March 2002 (Billon et al., 2004) . The measurement campaigns consisted of 13240 measurements, with an average distribution of 602 measurements per 'région', 138 per 'département' and 39 per ZE. For 343 ZEs out of 348, the number of measurements, their arithmetic mean and standard deviation, and their geometric mean and standard deviation were available. It should be noted that, as is the case in most ecological studies, indoor radon concentration was measured over a period of several years and was then implicitly assumed to be stable over time. This hypothesis is plausible, except in the event of an abrupt change in housing characteristics or lifestyle. However, some authors have reported that indoor radon concentration changes over time in Sweden (Hubbard and Swedjemark, 1993) . Such studies have yet to be conducted in French houses.
Statistical analysis
The variability of indoor radon concentration within the areas under study was analysed using the decimal logarithm of the geometric means of radon measurements, since the distribution of radon concentration was log-normal. However, the arithmetic means were chosen to describe the ecological association between indoor radon concentration and childhood leukaemia incidence in order to enable comparisons with most published studies.
The global variance of indoor radon concentration ðs 2 X ; X ¼ log 10 ðRnÞÞ was partitioned into a variance within each area under study ðs 2 W Þ and a variance between areas ðs 2 B Þ, using the classical method described by Armitage and Berry (1987) .
Radon exposure in each ZE was transformed into a fivecategory qualitative variable. Each category included approximately a quintile of the expected number of cases, with arithmetic means of 28. 0, 40.3, 53.8, 74.4 and 145.8 Bq/m 3 , respectively. The arithmetic mean radon concentration was also considered as a quantitative variable.
The ecological association between radon concentration and leukaemia was first studied for all cases (0-14 years) and for the complete period (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) , and then, separately, by age group (0-4, 5-9 and 10-14 years), Childhood leukaemia and indoor radon concentration Evrard et al. 153 gender, period (1990 Evrard et al. 153 gender, period ( -1994 Evrard et al. 153 gender, period ( , 1995 Evrard et al. 153 gender, period ( -1998 , leukaemia type (ALL, AML), and without the cases with Down's syndrome. As infant cases are aetiologically distinct, analyses were also restricted to the 1-14 and 1-4 age groups. Analyses were also performed excluding the outlying ZEs where the exposure was less precise or the population less stable, in order to evaluate the stability of the results.
The socio-demographic and socio-economic characteristics recorded in the 1990 and 1999 French censuses (INSEE) were used as covariates by ZE: average net income, proportion of farmers, tradesmen, workers, managers, employees, and professionals, proportion of university graduates and proportion of the inhabitants living in rural areas.
Analyses were conducted using Poisson regression, including socio-demographic ecological covariates. Poisson regressions were performed using the generalized linear models computed by the SAS s GENMOD procedure (SAS Institute Inc., Cary, North Carolina, USA). Over-dispersion was systematically estimated using deviance tests and Pearson's chi-square tests. The over-dispersion of leukaemia cases was also tested by Potthoff-Whittinghill and Fisher's chi-square tests. To determine the degree of significance of the tests, the statistical distributions of the Potthoff-Whittinghill and Fisher's chi-square results were simulated using Splus s software (Mathsoft, Inc., Cambridge, MA, USA), with the hypothesis of non-heterogeneity of the standardized incidence ratios (SIR) in the geographical units, by a multinomial distribution proportional to the expected numbers of leukaemia cases. The absence of spatial autocorrelation of the SIRs was tested using Moran's test and the statistical distribution of the Moran's test results was also simulated under the null hypothesis of nonheterogeneity of the SIRs.
Results
The arithmetic mean of the 13 240 indoor radon concentration measurements in France was 85 Bq/m 3 and their geometric mean was 59 Bq/m 3 . Indoor radon concentration varied widely between geographical units, with the highest concentrations in areas with granitic soil (Brittany, Massif Central, Vosges and Corsica). Table 4 shows the main characteristics of the statistical distribution of radon concentration in the ZEs. The geometric mean radon concentration varied significantly between ZEs from 13 to 228 Bq/m 3 (P < 10 -6 ). Twenty-seven percent of the global variability of radon concentration ðs 2 X ¼ 0:167Þ was due to between-ZE variability ðs 2 B ¼ 0:045Þ and the remaining 73% to within-ZE variability ðs 2 W ¼ 0:122Þ.
The heterogeneity of SIRs was statistically significant between 'régions' (P = 0.03), on the borderline of significance between 'départements' (P = 0.06), and nonsignificant between ZEs (P = 0.24). The SIRs differed significantly from unity for four 'régions' out of 22, six 'départements' out of 95 and 12 ZEs out of 343. Table 5 shows the SIRs for ALL, AML and all acute leukaemia, as a function of the five classes of radon exposure. A positive ecological association, on the borderline of statistical significance (P = 0.053), between indoor radon concentration and childhood acute leukaemia incidence was observed. The association was highly significant for AML (P = 0.004) but not for ALL (P = 0.49). The SIRs increased by 7, 3 and 24% for all acute leukaemia, ALL and AML, respectively, for a 100 Bq/m 3 increase in radon concentration. Similar slopes were observed using the three geographical scales: ZE, 'département' and 'région' (data not shown). The results were stable over age, gender and period for all acute leukaemia and ALL, but the association with AML seemed restricted to cases aged less than 10 years and the relationship was non-significantly higher for the period 1995-1998 than for the period 1990-1994 (Table 6 ). When analyses were restricted to the 1-14 and 1-4 age groups, the results were unchanged. Neither exclusion of the cases with Down's syndrome (100 cases) nor exclusion of the outlying ZEs altered the results (data not shown).
All the ecological covariates under study were negatively and significantly correlated with radon concentration, except the proportion of people living in rural areas, which was positively correlated with radon concentration. None of the covariates was significantly associated with childhood acute leukaemia, or ALL, or AML. The positive association between radon concentration and AML at the ZE scale remained significant (P = 0.003) when the covariates were included in the Poisson regression model, and the strength of the association was unchanged (Table 6) . Conversely, the association between radon and all acute leukaemia became nonsignificant.
Deviance tests and Pearson's chi-square tests did not reveal any significant evidence of over-dispersion. The Potthoff-Whittinghill statistic and Fisher's chi-square did not show any evidence of over-dispersion between the ZEs (P = 0.38) or between the 'départements' (P = 0.31). Using Moran's statistic, no spatial autocorrelation of the SIRs was observed for the ZEs (P = 0.90) or 'départements' (P = 0.89).
Discussion
The present study is the first ecological study to investigate a relationship between childhood leukaemia incidence in France and natural exposure to radon. During the period 1990-1998, 4015 cases of childhood acute leukaemia were diagnosed and registered in France by the French National Registry of Childhood Leukaemia and Lymphoma. The average indoor radon concentration in France was relatively high, with a geometric mean of 59 Bq/m 3 , in comparison to other studies having focused on the same topic. Exposure varied widely between ZEs (from 13 to 228 Bq/m 3 ).
A positive ecological association, close to statistical significance, was observed between radon concentration 5 Ecological association between indoor radon concentration and the incidence of ALL (3239), AML (697) and all acute leukaemia (3984) in children aged 0-14 years (France, 343 ZE geographic units; 1990 -1998 Expb b: multiplying factor for the increase in the SIR when radon exposure increases by 100 Bq/m 3 . f P = P value of the regression coefficient over the arithmetic mean of the radon measurements. and childhood acute leukaemia incidence. The association was highly significant for AML but not for ALL. The SIR increases per 100 Bq/m 3 were 7, 3 and 24% for all acute leukaemia, ALL and AML, respectively. The existence of a significant positive association for AML but not for ALL is unlikely to be due to the inaccuracy of the diagnoses, which were documented by cytology. The association with AML seemed restricted to cases aged less than 10 years, whereas the difference between the two periods (1990-1994 and 1995-1998) was nonsignificant.
So far, only a few risk factors for childhood leukaemia have been identified: high doses of radiation, some cancer therapies and some genetic syndromes. Those factors are unlikely to explain the ecological association observed. Viral infections have also been suggested to be risk factors for acute leukaemia (Kinlen's hypothesis), but no viral infection measurements or surrogates for such exposures were available for the present study. Other risk factors such as proximity to busy streets and extremely low frequency magnetic fields, evaluated as possibly carcinogenic to humans (Group 2B) (IARC, 2002), have not been investigated in the present study. However, these exposures are unlikely to parallel exposure to radon. Some socio-economic factors were taken into account in the present analysis without introducing any change in the positive ecological association between indoor radon concentration and leukaemia.
The ecological association between average exposure and the average incidence of a disease may be different from the individual relationship (Elliott et al., 2000) . This issue has been particularly discussed in settings where there is a powerful individual risk factor for a disease, such as smoking for lung cancer (Lubin, 1998; Lagarde and Pershagen, 1999; Darby et al., 2001) . No such powerful risk factor has yet been identified for childhood leukaemia. In addition, when the individual dose-risk relationship is curvilinear, a discrepancy between individual and ecological studies may occur, due to individual variability of exposure within an area. However, any such discrepancy is not expected to have a major effect in the present study, because the dose-risk relationship is expected to be nearly linear for low-dose exposures. Finally, the possibility that the association could be due to some unknown confounding factors with geographical distributions similar to that of radon concentration cannot be excluded.
The positive ecological association in the present study was consistent with the findings of most of the ecological studies on childhood leukaemia. The average national radon concentration was 85 Bq/m 3 and the excess relative risk 7% per 100 Bq/m 3 . Thus 5.4% (95% confidence interval = 0.01%-11.3%) of childhood leukaemia would be due to radon if the association were really causal and totally explained by the ecological association between radon concentration and leukaemia. This estimate is lower than the attributable risk found by Henshaw et al. (1990) . According to those authors, 5% of childhood leukaemia may be due to radon, but the average exposure was 20 Bq/m 3 (national arithmetic mean for Great Britain). On the basis of the results of the present study, the value of the attributable risk for 20 Bq/m 3 would be 1.3%. However, a re-analysis of Henshaw's data, restricted to the most reliable data, by Butland et al. (1990) , showed that only 0.5 to 1% of childhood leukaemia may be due to radon at the same 20 Bq/m 3 exposure level. Butland et al. (1990) estimate is in agreement with that made in the present study.
Most of the case-control studies have not shown any significant association between indoor radon concentration and childhood leukaemia incidence Kaletsch et al., 1999; Steinbuch et al., 1999; UK Childhood Cancer Study, 2002) . On the basis of the present study, if the relationship between indoor radon concentration and leukaemia were causal, it would be restricted to AML and it would only explain 5.4% of all childhood acute leukaemia in France. Such an association would be very difficult to evidence using case-control studies.
In conclusion, the present study supports the hypothesis that natural exposure to radon may slightly increase the risk of childhood acute leukaemia. The results are consistent with most ecological studies. The association was mainly observed for AML, for children aged less than 10 years.
